The crystalline and magnetic structures of the YCo 3 -H͑D͒ system have been investigated by means of x-ray and neutron diffraction with the objective of understanding the complex magnetic changes that are observed in this system as hydrogen is added. Synchrotron x-ray diffraction ͑XRD͒ patterns were first refined to yield the lattice parameters and coordination of Y and Co atoms in the metal and two ␤-hydride phases while XRD was used for the ␥ phase. In situ neutron powder diffraction measurements of YCo 3 D x were then made in all four phases to determine the deuterium site occupancies and magnetic structures. The site occupancies were also rationalized using the Westlake geometric model. The highest hydrogen concentration measured was YCo 3 H 4.6 . Using the Westlake model, we conclude that the saturated hydrogen content would be YCo 3 H 5 . Our results reported here and in Part I ͓Phys. Rev. B 76, 184443 ͑2007͔͒ have enabled us to rationalize the changes in the magnetic structures in terms of changes in the cobalt-cobalt distance caused by the addition of hydrogen. In particular, in the antiferromagnetic ␥ phase, we observe Co atomic displacements that enable the structure to adopt a particular antiferromagnetic structure in a manner that is reminiscent of a Peierls distortion as observed in transitions from the conducting to nonconducting hydrides on addition of hydrogen in YH 3 .
I. INTRODUCTION
The YCo 3 / H system is of considerable intrinsic interest because of the dramatic changes in magnetization that occurs as the hydrogen is added. 1 It is particularly interesting to investigate whether the changes in magnetic behavior are due predominantly to changes in the electronic density of states or due to changes in the separation of the various cobalt atoms. In Part I, we reported on ab initio calculations and neutron powder diffraction ͑NPD͒ studies of the magnetic structure of YCo 3 itself. In Part II of this study, we report accurate determinations of how the crystalline and magnetic structures evolve as deuterium is added. In a previous paper, we reported on ab initio calculations of the magnetic properties of YCo 3 H 2 .
2 YCo 3 alloy has two established hydride phases: the ␤ and the ␥ phases. Yamaguchi et al. 1, 3 reported the dramatic influence of the hydrogen content on the magnetic properties of both Y 2 Co 7 and YCo 3 . They showed the remarkable restoration of the magnetic moments within the wide hydrogen content range of the ␤ phase, from antiferromagnetic ͑or paramagnetic͒ in the ␤ 1 phase for the low hydrogen content side to ferromagnetic in the ␤ 2 phase for the high hydrogen content side, while the ␥ phase is antiferromagnetic. 1, [3] [4] [5] The crystal structures of the YCo 3 hydride phases have also been studied, by means of both x-ray and neutron diffraction. Benham et al. 6 studied the crystal structures of YCo 3 D 1.0 and YCo 3 D 1.9 , and found that of the 13 possible types of interstitial site ͓as for HoNi 3 ͑Ref. 7͔͒, only the 36i 1 sites were filled in the AB 2 unit and that only the c lattice parameter was expanded, by about 10%. The refined position of the D atom corresponds to the center of a pair of 36i 1 sites, so its coordinates are given as 18h ͑x ,−x , z͒ site. Bartashevich et al. 8 showed that, for the ␥ phase, in addition to the 36i 1 site, the 18h 2 and 36i 2 sites in the AB 5 unit are partially filled, giving YCo 3 D 3.8 , and that the lattice now also expanded in the "a" direction.
In our recent research on the pressure-composition isotherms and magnetization of YCo 3 -H, we identified an additional hydride phase of YCo 3 . 9 At room temperature, a new phase transformation exists within the previously observed ␤-phase region. Hence the previous observation of the ␤ 1 and ␤ 2 magnetic behavior can be attributed to the different structures of these phases. The magnetization measurements confirmed that YCo 3 is ferrimagnetic, the ␤ 1 hydride is paramagnetic, the ␤ 2 hydride is ferromagnetic, and the ␥ hydride is antiferromagnetic.
In the present paper, we extend the previous work in various ways with a view to understanding the origins of the hydrogen-induced changes in magnetic structures: we investigate the structure of YCo 3 D 1.3 , typical of the ␤ 1 phase, because, according to our measurements of compositionpressure isotherms, 9 the previously reported YCo 3 D 1.0 structure 6 lies in the ͑␣ + ␤ 1 ͒ two-phase region. We then in-vestigate the structural difference between the ␤ 1 and the recently discovered ␤ 2 hydride phase. We also investigate the deuterium occupancies in YCo 3 D 4.6 ͑the ␥ phase͒ at the highest obtainable deuterium concentrations. All the structures have been refined with improved accuracy by combining high resolution synchrotron, XRD, and NPD data sets. This has enabled us to calculate the interstitial hole sizes and the separation between nearest-neighbor interstitial sites with improved accuracy. The Westlake geometric model 10, 11 can thus be used to rationalize the deuterium site occupancies in YCo 3 D x ͑x = 1.3, 2.0, and 4.6͒, and the saturated hydrogen concentration can now be predicted. Moreover, we have investigated the magnetic structures of the YCo 3 hydrides, especially the ␤ 2 and ␥ phases, through NPD. In the magnetic structures, the exchange interaction is sensitive to the separation between the magnetic atoms, so the various Co-Co distances have been calculated to understand the magnetic properties of YCo 3 and its three hydrides.
In Part I of this paper, the results of ab initio calculation and NPD measurements on the crystal and magnetic structures of YCo 3 are presented and discussed. 12 The organization of Part II of the paper is as follows. Section II describes the experimental techniques. In Sec. III, we first discuss the structural refinement and then demonstrate that the D site occupancies determined are consistent with the Westlake model. 10, 11 We then describe the magnetic structure derived from the neutron diffraction data. Finally, in Sec. IV, we discuss how the changes in the magnetic structure with hydrogenation can be explained in terms of the changes in Co-Co distances between the different phases.
II. EXPERIMENTAL DETAILS
The polycrystalline alloy YCo 3 was prepared by arc melting Y ͑99.9% purity͒ and Co ͑99.9+ % purity͒ metal pieces in an argon atmosphere, followed by annealing at 1050°C in an argon atmosphere for seven days. The hydride samples were prepared by the Sievert's volumetric method. The synchrotron x-ray-diffraction measurements were made at Station 9.1, at the SRS, U.K., using a capillary sample container. The in situ time-of-flight NPD experiments on YCo 3 deuterides were carried out at OSIRIS, ISIS, U.K., with a cryostat to go to low temperatures. Following increases in the in situ hydrogen pressure, the hydrogen was absorbed in the sample and the corresponding structure changed over a period of time during which the evolving diffraction patterns were recorded. The temperature range of the measurements was from 323 to 50 K, above and below the Curie or Néel temperatures. The crystal and magnetic structures of YCo 3 hydrides were then analyzed using GSAS, 13 with the graphical user interface EXPGUI.
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III. RESULTS
A. Crystal structures
There are two serious problems in analyzing the structure of YCo 3 by x-ray-diffraction measurement using a normal laboratory Cu K␣ x-ray source. One problem is that Cu K␣ radiation is very close to the Co K absorption edge ͑1.608 Å͒. Thus the x-ray fluorescence causes a very high background; the second problem is that the YCo 3 powder sample has strong preferred orientation. Thus monochromatic x rays ͑wavelength 1.0 Å͒, extracted from the SRS synchrotron source, were used to measure the diffraction pattern, except for the final sample ͑x = 4.5͒, which was measured using a laboratory x-ray source ͑Cu K␣ x-ray source͒. On the SRS, the powder samples were mounted in a rotating capillary tube to remove most of the effects of preferred orientation.
The synchrotron radiation diffraction patterns for YCo 3 , YCo 3 H 1.24 , and YCo 3 H 1.9 , along with the laboratory source pattern for x = 4.5, have been entered into GSAS and analyzed. The resulting lattice parameters, the atomic coordinates of Y and Co atoms, the unit cell volumes, and the relative expansions of YCo 3 and its three hydrides are shown in Table I . A h is the powder absorption factor that has been applied to the synchrotron data. The absorption correction used is of the Debye-Scherrer form. 13 The absorption factor correlates with the thermal coefficient U iso , and therefore was not refined. The absorption correction would decrease the diffraction intensity mainly at low angles or large d spacing. If the absorption is not corrected for, it would lead to unrealistic values of the thermal coefficient, U iso , particularly for strongly absorbing samples. For the case of the present YCo 3 H x samples, U iso would go negative if it were not for the absorption correction. The XRD pattern for YCo 3 H 4.5 was measured using a laboratory x-ray diffractometer ͑Siemens 5000͒, using Bragg-Brentano flat plate geometry; hence no absorption correction is needed. The anisotropic lattice expansion is observed again. For the ␤ 1 and the ␤ 2 phases, the lattice expands in the c direction, while a remains almost unaltered; going from the ␤ 2 to the ␥ phase, the lattice expands in the a direction while c, surprisingly, shrinks by 0.25%. The unit cell volume is calculated for each phase. It is convenient to consider the volume expansion of the AB 2 and AB 5 units separately. For the ␤ 1 and the ␤ 2 phases, the volume of the AB 2 unit increases by 13.2% and 20.9%, respectively, but simultaneously the volume of the AB 5 unit decreases by 0.63% and 1.98%, respectively. The cell volume expansion is thus totally due to the expansion of the AB 2 unit. This is consistent with the conclusions of Benham et al. 6 and suggests that the hydrogen atoms are entirely located at interstices in the AB 2 unit in both the ␤ 1 and ␤ 2 phases. For the ␥ phase, the volumes of both the AB 2 and AB 5 units increase. Thus hydrogen atoms must also fill sites in the AB 5 unit in this phase, allowing the a lattice parameter to increase. The volume expansion per hydrogen atom was also calculated for the three hydrides, being 3.08 Å 3 , 3.05 Å 3 , and 2.85 Å 3 , respectively. It thus takes decreasing volume expansion to accommodate each hydrogen atom as the hydrogen content increases. For the ␤ 1 phase, most interstices are unoccupied although they are also expanded. For the ␤ 2 and the ␥ hydrides, more interstices are occupied, thus the expansion is more uniform and so the volume expansion per hydrogen atom becomes smaller.
The position and hole sizes of the tetrahedral and octahedral interstices were calculated using the lattice parameters and atom coordinates given in Table I . The atomic radii of Y ͑1.80 Å͒ and Co atoms ͑1.35 Å͒ follow those used by Ben-ham et al., 6 which were taken from the compilation by Slater. 15 The resulting hole sizes are listed in Table II . We consider first the interstitial sites entirely within the AB 2 and AB 5 units and then the interstices, 18h 1 and 18h 2 , that are situated at the boundary between the AB 2 and AB 5 units. The interstices in the AB 5 unit and at the boundary between the AB 2 and AB 5 units show no expansion in either the ␤ 1 or the ␤ 2 hydrides, while the interstices within the AB 2 unit show considerable expansion. This again suggests that, in the ␤ 1 and ␤ 2 phases, the hydrogen atoms are restricted to interstices in the AB 2 unit, consistent with the measured cell volume expansion. For the ␥ hydride, the interstices in the AB 5 unit also show considerable expansion, suggesting that, in this phase, sites in this block also contain hydrogen.
In order to fully refine the hydride ͑deuteride͒ structures, four neutron powder diffraction patterns were recorded in situ for YCo 3 D x single phase samples ͑x = 0 , 1.3, 2.0, 4.6͒ above the respective magnetic ordering temperatures. The resulting patterns were entirely indexed according to the R-3m space group. The refinements of the crystal structures of YCo 3 D x were started using the lattice parameters and atom coordinates of Y and Co taken from the x-ray data, and various deuterium site occupancies were tried, starting from the bigger interstices, as listed in Table II . According to the geometric model-which requires a hole size of at least 0.4 Å radius as suggested by Westlake 10,11 -the interstices 6c 1 , 18h 3 , and 18h 7 / 36i 1 in the AB 2 unit are the most probable sites for deuterium atoms in the ␤ 1 and the ␤ 2 hydrides. In the ␥ hydride, the 18h 2 and 18h 1 interstices at the boundary between the AB 2 and AB 5 units, and the 18h 5 , 6c 2 , and 9e / 36i 2 interstices in the AB 5 units are also enlarged sufficiently for deuterium occupancy.
The refined neutron diffraction patterns of the crystal structures of YCo 3 D x ͑x = 0 , 1.3, 2.0, 4.6͒ are shown in Fig. 1 . One point to note is that it is necessary to correct for the neutron absorption in cobalt, as otherwise, the thermal displacement parameters would go negative, in the same way as in the refinements of the x-ray diffraction patterns. The best Rietveld refinement placed the deuterium atoms at the 18h 7 / 36i 1 site for both the ␤ 1 and the ␤ 2 hydrides, giving site occupancies of 0.662 and 1.0 and Rp values of 0.0287 and 0.0385, respectively ͑see Table III͒. This conclusion is consistent with the results reported earlier by Benham et al. 6 It should be noted that there are small differences in the refined lattice parameters between the x-ray and NPD refinements, which are consistent with the small differences in the measured H content. As the H concentrations employed all lie in one-phase regions, these small changes are as expected. is from the refinement of the powder XRD pattern using a laboratory Cu K␣ x-ray source, the others are from synchrotron x-ray diffraction.
There may also be small increases in the hydride lattice parameter relative to the deuteride due to the greater zero point energies but these have not been quantified in this work. Turning to the ␥ phase, Fourier difference maps of the basal planes at different heights in YCo 3 D 4.6 ͑Fig. 2͒ suggest that deuterium atoms occupy the 18h 7 / 36i 1 sites but also the 9e / 36i 2 , 18h 2 , and 18h 1 sites. The best Rietveld fit for multiple site occupation shows that all the above sites, except 18h 1 , are occupied by deuterium. The lattice parameters, the atom coordinates of the metal atoms, and the deuterium site occupancies are listed in Table III . The Rp value for this fit is 0.0245. The coordinates of deuterium at the 18h 7 / 36i 1 site are given as for the 18h site, and those at 9e / 36i 2 are given as for the 36i site. The crystal structure of YCo 3 D 4.6 , including the deuterium sites, is shown in Fig. 3 . For x = 4.6, the occupation probabilities for the 18h 7 / 36i 1 , 18h 2 , and 36i 2 / 9e sites are 1.0, 1.0, and 0.162, respectively.
B. Rationalization of H sites using the Westlake model
The deuterium site occupancies as determined are consistent with previous investigations of YCo 3 6 although at that time the ␤ 1 and the ␤ 2 were thought to be a single ␤ phase. Bartashevich et al. 8 showed that deuterium occupies the same three types of sites for the ␥ phase, YCo 3 D 3.8 , but at a lower deuterium content and with different site occupancies than observed here. It is interesting to see whether these occupancies can be understood in terms of the geometric model developed by Westlake, 10, 11 which requires that H͑D͒ occupies interstitial sites of radius at least 0.4 Å radius with an H-H ͑D-D͒ sepa- 16 Having already demonstrated that the site radii are consistent with the Westlake model, we will now consider how the second criteria, the minimum H-H distance influences the deuterium site occupancies in YCo 3 D x . The nearest-neighbor D-D site separations for YCo 3 D x ͑x = 1.3, 1.9, and 4.5͒ are tabulated in Tables IV-VI. For YCo 3 D 1.3 , the sites 6c 1 , 18h 3 , and 36i 1 are larger than 0.4 Å, and the preferred occupancy should be in the above order. The 6c 1 site is considered first. The shortest 6c 1 -6c 1 distance is 4.05 Å. Thus all 6c 1 sites can be filled. The 18h 7 ͑hole size 0.38 Å͒ should also be considered in this context because the five atoms ͑three Y and two Co atoms͒ coordinating this site are the same five atoms that constitute the two 36i 1 sites. The nearest 6c 1 -18h 3 , 6c 1 -18h 7 , and 6c 1 -36i 1 distances are 0.73, 1.60, and 1.63 Å. Thus one filled 6c 1 site would block three 18h 3 , three 18h 7 , and six 36i 1 sites. If all the 6c 1 sites are filled, all the 18h 3 , 18h 7 , and 36i 1 sites would be blocked; thus the hydride would be YCo 3 D 0.67 , which is a deuterium content lower than the observed minimum hydrogen content of x = 1.2 for the ␤ 1 hydride. Hence the 18h 3 site must be considered to be filled first. One of every three 18h 3 sites can be filled, and six 18h 7 sites can then be filled while satisfying the minimum D-D distance. The formula of the deuteride would thus be YCo 3 D 1.33 . This model of deuterium occupancy is consistent with the observed deuterium content. Now we consider filling the 18h 7 / 36i 1 site first. The nearest 18h 7 -18h 7 distances are 2.06 and 2.51 Å. There are nine 18h 7 / 36i 1 sites around one Y 1 atom, and six of them can be filled without violating the 2.1 Å least H-H distance. Considering the packing of the polyhedra, fewer deuterium atoms can actually be accommodated; but the shortest 18h 7 -18h 7 distance, 2.06 Å, is very close to 2.1 Å, and so this site separation would be enough if deuterium atoms are displaced from the center of the site. We thus suppose that 2 / 3 of the 18h 7 / 36i 1 sites can still be filled, and all the 6c 1 and 18h 3 sites would be blocked. Thus the deuteride would also be YCo 3 D 1.33 . Hence we have two models of deuterium occupancy that are both consistent with the deuterium content of YCo 3 D 1.3 . Rietveld fitting of the YCo 3 D 1.3 neutron diffraction pattern, in fact, supports the latter case. From the atom coordinates of neutron diffraction results listed in Table III , the calculated 18h 7 -18h 7 distance is 2.22 Å. This increase relative to the separation of the sites is because the deuterium Thus the same interstitial sites, 18h 7 / 36i 1 , are occupied in both the ␤ 1 and ␤ 2 hydrides with site occupancies of 2 / 3 and 1, respectively, the restricted occupancy being due to the constraints caused by the smaller lattice parameter in the ␤ 1 phase. This is consistent with the fact that there is a critical point at 120°C, above which only one phase is seen. 9 The phase diagram must therefore resemble the ␣-␤ phase separation in Pd/ H, in that the concentration of H can be varied continuously at temperatures above a critical point in a single phase region. 17 We should note that, at these higher temperatures, the magnetic properties should vary continuously with D content.
In YCo 3 H 4.5 , the interstitial holes at the YCo 2 -YCo 5 layer boundary and in the YCo 5 layer are both enlarged enough to accommodate deuterium atoms. It is still convenient to consider the YCo 2 and the YCo 5 layers separately. The preferred occupancy in the YCo 2 layer should be in the sequence 6c 1 , 18h 3 , 18h 7 / 36i 1 , and 18h 6 according to the hole sizes, while the 6c 3 hole is not big enough to be filled, contrary to the case of YCo 3 H 1.9 . Hydrogen site occupancy is similar to that in YCo 3 H 1.9 . Only the 18h 7 / 36i 1 sites can be filled, and all the other holes in the YCo 2 layer are then blocked. The preferred occupancy of the holes at the boundary of the YCo 2 -YCo 5 layers and in the YCo 5 layer should be in the order 18h 2 , 18h 5 , 6c 2 , 9e / 36i 2 , and 18h 1 according to the hole size criterion. All eighteen 18h 2 sites can be filled, and one in every four 36i 2 sites or the central nine 9e sites can be filled. The total number of hydrogen atoms filled in a unit cell is thus 45, giving the formula YCo 3 H 5 . We conclude that this is the maximum hydrogen concentration, because no more sites can be filled according to the geometric model. The site occupancy is supported by the fitting of the neutron diffraction pattern for YCo 3 D 4.6 . The deuterium site occupancies in the ␤ 1 , ␤ 2 , and ␥ phases thus comply with the Westlake criteria.
It should be noted that Filinchuk and Yvon 18 have pointed out that these structures can also be rationalized in terms of 
C. Magnetic structures
NPD is the primary technique used for determining magnetic structures. However, in the YCo 3 D x system, the Y and D atoms have much larger coherent neutron scattering cross sections ͓Y: 7.55, D: 5.59, and Co: 0.779 b ͑Ref. 19͔͒ than the magnetic scattering from the Co atoms. Thus, in the neutron diffraction spectra of this system, the nonmagnetic Y atom and D atoms make a much more significant contribution to the diffraction pattern than does a magnetic Co atom. The contribution from the D atoms also becomes more significant with increasing D content making it quite difficult to extract the magnetic structure. However, given the good resolution and intensity of the OSIRIS instrument, the magnetic structure has been determined with good accuracy.
Since the ␤ 1 hydride phase is paramagnetic, we focused our studies of magnetic structures on the ␤ 2 and ␥ phases. The YCo 3 D 2 NPD pattern ͑Fig. 4͒, measured with no field at 50 K ͑i.e., below the Curie point͒, has been analyzed, with its crystal structure assumed to be space group R-3m and its magnetic structure to be magnetic space group * R-3mЈ. The directions of the magnetic moments of all three types of Co atoms are found to be close to the "z" direction. The diffraction pattern was taken using an Al sample can, so six Al peaks are seen, marked as ticks in Fig. 4 . YCo 3 D 2 is found to have a ferromagnetic structure. The refinements of the diffraction patterns with and without magnetic diffraction are shown in Fig. 4 . The inset plot shows the refinement of the diffraction peak ͑102͒ ͑d = 4.1134 Å͒. It can be clearly seen that the quality of refinement is much better with magnetic diffraction included. The magnetic unit cell is the same as the nuclear unit cell, there being no superlattice peaks. The magnetic moments of Co atoms are shown in Table VII . The average magnetic moment is 0.767͑51͒ B / Co.
The YCo 3 D 4.8 NPD pattern, taken in the Al tube at 100 K, has also been analyzed using GSAS. In GSAS, the magnetic symmetry is described with a crystal space group and a spinflip model. There are three unique symmetry operators for R-3m: M100, 2100, and a rhombohedral center of symmetry. We find the structure of YCo 3 D 4.8 to be antiferromagnetic ͑see below͒. Therefore, in the absence of a superlattice, in this phase, Co 1 has to be paramagnetic because of its site symmetry. Co 2 has magnetic moments only along the z direction in an antiferromagnetic arrangement. Co 3 can have magnetic moments along all three directions in an antiferromagnetic arrangement, but in fact, its magnetic moment is mainly along the z direction. 
IV. DISCUSSION
Having established and rationalized the D positions and their influence on the D-concentration dependence of the two lattice parameters and having determined the measured magnetic structures in terms of the various magnetic moments on the Co atoms, we are now in a position to establish a rationalization of the dramatic changes seen in the magnetic properties of this system as a function of H͑D͒ concentration. The evidence from both Part I and the present work strongly supports the argument that the main driving force is the cobaltcobalt distance, as originally pointed out by Néel. 20, 21 A similar correlation, plotting the exchange interaction against the ratio d / r d is known as the Bethe-Slater curve. 22 Thus Néel concluded that the coupling varies as a function of ͑d-2r͒ where d is the interatomic spacing and r is the radius of the d band ͑ϳ0.72 Å͒ giving a ͑d-2r͒ value for the critical spacing of around 1 Å and hence a critical value of the Co-Co distance of around 2.44 Å. Below this separation, the coupling is antiferromagnetic and above it, it is ferromagnetic. However, we might expect this crossover point to be influenced to some extent by changes in the band structure and so it may shift somewhat between phases. Finally, beyond the ferromagnetic coupling range, we might expect there to be a further weak antiferromagnetic coupling region, due to Friedel oscillations of the spin density. The various shortest Co-Co distances are given in Table VIII, If we first apply these arguments to the metallic phase, we see that the Co 2 and Co 3 layers are both ferromagnetically coupled within the layers. We next note that the Co 1 -Co 3 distance is also clearly ferromagnetic. Hence, the Co 1 and Co 3 layers are both clearly coupled together ferromagnetically. However, both the Co 2 -Co 3 separations are on the antiferromagnetic side of the crossover and hence the Co 3 layers either side of the Co 2 layers should be antiferromagnetically coupled. Thus the overall structure is ferrimagnetic as concluded in Part I. However, we would also note from the spin-density calculations and the high field magnetization measurements reported there that the spin of the Co 2 can be flipped into a parallel orientation by a relatively small magnetic field. Hence we can conclude that the crossover separation in this phase must be close to 2.445 Å. Now let us consider the effects of adding D to the structure to form the ␤ 1 phase. This causes the c dimension to increase, the change being associated with the YCo 2 layer so that the corresponding Co 2 -Co 3 distance increases into the ferromagnetic regime. The other main change is that the longer Co 3 -Co 3 distance increases while the shorter decreases, getting close to the transition point. Moreover, as the 36i 1 sites are only partially occupied, and there is a corresponding increase in the isotropic U value for the Co 3 atoms, we can reasonably expect that some or all of the short Co 3 -Co 3 distances correspond to antiferromagnetic coupling. However, antiferromagnetic coupling on a triangular arrangement gives a "frustrated" structure so that the Co 3 layer would become paramagnetic. Thus, as the primary coupling Fig. 6 . Here, experimentally, the Co 1 atom has a very small magnetic moment, 0.026͑77͒ B , and its value is well below the error in its determination. Thus we suppose that the Co 1 atom is actually paramagnetic or possibly weakly ferrimagnetically coupled, as suggested by the ab initio spin-density calculations. 2 It should be noted that the average magnetic moment/Co atom in the ␤ 2 hydride is actually larger than in YCo 3 itself, 1,3,9 a result that is quite abnormal in magnetic metal hydrides. This is because the antiparallel spin on the Co 1 atom in the metallic phase has been reduced. Let us now consider the Co-Co separations in this phase. Here, the Co 3 -Co 3 distance has increased to 2.49/ 2.50 Å. Moreover, all the 36i 1 sites are now full and the isotropic U value has shrunk to its normal value. It is therefore reasonable to conclude that the Co 3 layers have become firmly ferromagnetic again. However, the Co 2 -Co 3 distances have shrunk to 2.41/ 2.42 Å, which would suggest antiferromagnetic coupling between the Co 2 and the Co 3 layers while we know that these layers are clearly ferromagnetically coupled. Here, we can only assume that band filling has reduced the crossover distance or that other Co-Co couplings along the c axis must predominate. Finally, we would note that the Co 1 -Co 3 distance is now 2.87 Å, which could be close to a second region of antiferromagnetic coupling ͑Frie-del oscillation͒, which would account for the low and possibly ferromagnetic coupling of the Co 1 atom. Now let us consider the ␥ phase, where we note that the a parameter has increased significantly while c has shrunk slightly. The other notable changes are that the short Co 3 -Co 3 distances are shorter ͑2.42 Å͒ while the long Co 3 -Co 3 distances are longer ͑2.84 Å͒ and the difference between the shorter Co 2 -Co 3 ͑2.43 Å͒ and the longer Co 2 -Co 3 ͑2.64 Å͒ has also increased. Experimentally, the Co 3 layers are internally ferromagnetic. We would note that the long Co 3 -Co 3 distance is ferromagnetic while the shorter distances are apparently antiferromagnetic. However, the shorter distances come in pairs while the longer distances form a continuous lattice and each Co 3 will experience two ferromagnetic interactions and one antiferromagnetic interaction so that overall ferromagnetism within the Co 3 layers is to be expected. Now, let us consider the coupling of the Co 2 layers above and below a Co 3 layer. The Co 2 layer lies between two Co 3 layers in such a way that alternate Co 2 atoms lie closer to the Co 3 in one layer than to the Co 3 in the other ͑the long and short distances in Table VIII͒ . The corresponding separations are 2.42 Å and 2.64 Å, respectively. If we assume that the former is antiferromagnetic and the latter is ferromagnetic, we see that the spin directions of the Co 2 atoms will alternate, making this layer internally antiferromagnetic while ensuring that the coupling between the two adjacent Co 3 layers, mediated by the intervening Co 2 atoms, will always be antiferromagnetic. Given that the Co 1 layer has zero spin in this phase, our proposed antiferromagnetic structure implies that the coupling between the Co 3 layer below a Co 1 layer to the next Co 3 above the Co 1 layer has to be ferromagnetic as all unit cells have the same spin orientations ͑Fig. 7͒. We must assume that this is due to some weaker long range interaction that stabilizes the same arrangement in successive unit cells. It is notable that it is only in the ␥ phase that the two Co 2 -Co 3 separations have split sufficiently for one to be antiferromagnetic and the other to be ferromagnetic. This might suggest that the reason for the Co 2 -Co 3 distances split so remarkably in the ␥ phase is that this allows the interactions to become clearly either ferromagnetic or antiferromagnetic. This would also suggest a band structure effect reminiscent of the displacive ordering ͑Peierls distortion͒ that is believed to drive the conductor-nonconductor transition in the YH 2+x system. 23 We can thus say that the remarkable changes in the magnetic structure of these systems as hydrogen is added can, in general, be explained as being due to the consequent changes in the Co-Co distances.
V. CONCLUSIONS
To avoid the high background caused by x-ray fluorescence and the effect of preferred orientation, an XRD experiment for YCo 3 has been carried out using synchrotron radiation, and more accurate lattice parameters and coordinates of Y and Co atoms have been determined. Neutron powder diffraction patterns of YCo 3 Using magnetic neutron diffraction, we conclude that in the ␤ 2 hydride YCo 3 H͑D͒ 2 the magnetic moments of the Co 2 and Co 3 atoms are all parallel with the Co 1 atom being paramagnetic while a rather complicated antiferromagnetic structure has been determined for the ␥ hydride YCo 3 D 4.8 . The Co-Co distances have been calculated for YCo 3 and its three hydrides. The magnetic structures can be largely rationalized on the assumption that adjacent spins are coupled antiferromagnetically if the Co-Co distance is less than about 2.44 Å and ferromagnetically for separations between about 2,44 and 2.84 Å. The notable displacement of the Co 3 atoms in the ␥ phase allows the interactions with the Co 2 atoms to split into clearly ferromagnetic and antiferromagnetic categories, which allows the system to adopt this complex antiferromagnetic structure. This transition is rather reminiscent of the displacive symmetry breaking transition in the YH 2+x structure that is believed to drive the analogous conducting-nonconducting transition in that system. We thus conclude that while much of the effect of H content on the magnetic structure of this system is driven by changes in the Co-Co distance, due to lattice expansion caused by the specific H site occupation, there are associated changes in the band structure.
